Abstract The Kölliker-Fuse nucleus (KFN) in dorsolateral pons has been implicated in many physiological functions via its extensive efferent connections. Here, we combine iontophoretic anterograde tracing with posthypoxia c-Fos immunohistology to map KFN axonal terminations among hypoxia-activated/nonactivated brainstem and spinal structures in rats. Using a set of stringent inclusion/exclusion criteria to align visualized axons across multiple coronal brain sections, we were able to unequivocally trace axonal trajectories over a long rostrocaudal distance perpendicular to the coronal plane. Structures that were both richly innervated by KFN axonal projections and immunopositive to c-Fos included KFN (contralateral side), ventrolateral pontine area, areas ventral to rostral compact/subcompact ambiguus nucleus, caudal (lateral) ambiguus nucleus, nucleus retroambiguus, and commissural-medial subdivisions of solitary tract nucleus. The intertrigeminal nucleus, facial and hypoglossal nuclei, retrotrapezoid nucleus, parafacial region and spinal cord segment 5 were also richly innervated by KFN axonal projections but were only weakly (or not) immunopositive to c-Fos. The most striking finding was that some descending axons from KFN sent out branches to innervate multiple (up to seven) pontomedullary target structures including facial nucleus, trigeminal sensory nucleus, and various parts of ambiguus nucleus and its surrounding areas. The extensive axonal fan-out from single KFN neurons to multiple brainstem and spinal cord structures (''one-to-many relationship'') provides anatomical evidence that KFN may coordinate diverse physiological functions including hypoxic and hypercapnic respiratory responses, respiratory pattern generation and motor output, diving reflex, modulation of upper airways patency, coughing and vomiting abdominal expiratory reflex, as well as cardiovascular regulation and cardiorespiratory coupling.
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Introduction
In 1923, British physician T. Lumsden (Lumsden 1923) reported that ablation of the rostral pons in vagotamized cats caused extreme prolongation of inspiration-a condition he termed ''apneusis''. This seminal study established the rostral pons as the ''pneumotaxic center'' which is believed to play a critical role in inspiration-to-expiration phase transition or inspiratory ''off-switch''. Subsequently, it was found that localized lesions or disruptions of excitatory synaptic transmission at Kölliker-Fuse nucleus (KFN) 1,2 in the dorsolateral pons produced similar apneusis effects as reported by Lumsden, while electrical stimulation or glutamate injection at this nucleus provoked inspiratory ''off-switch'' (Cohen 1971; Dutschmann and Herbert 2006; Stettner et al. 2007; . Electrophysiological recordings revealed many respiratory-related neurons clustering at the KFN and to a lesser extent in adjacent medial and lateral parabrachial nuclei (Cohen and Shaw 2004; Cohen and Wang 1959; Dick et al. 1994; Ezure and Tanaka 2006; Song et al. 2006) . Hence, the KFN/parabrachial complex is generally considered as the anatomic substrate of the Lumsden pneumotaxic center (Alheid et al. 2004; Song and Poon 2004; Song et al. 2006) .
Recent studies have revealed that the KFN, besides promoting the inspiratory off-switch, may also modulate a variety of respiratory-related functions such as the hypoxic and hypercapnic respiratory responses (Mizusawa et al. 1995; St John 1975) , Hering-Breuer reflex (MacDonald et al. 2007; MacDonald et al. 2009; Siniaia et al. 2000; Song et al. 2011a) , pharyngeal and laryngeal modulation of upper airways resistance during breathing and obstructive sleep apnea, vocalization, coughing and sneezing, swallowing, mastication, suckling, and diving reflex Herbert 1996, 2006; Dutschmann et al. 2007; Gestreau et al. 2005; Kuna and Remmers 1999) , and nonrespiratory-related functions such as cardiovascular regulation and cardiorespiratory coupling, control of water and sodium intake, and anti-nociception (Dick et al. 2009; Gasparini et al. 2009; Guo et al. 2002; Hodge et al. 1986; Lara et al. 1994; Nag and Mokha 2004; Young et al. 1992) . In humans, hypoplasia of the KFN/parabrachial complex in utero has been associated with perinatal asphyxia and death (Lavezzi et al. 2004a, b) , and severe pathological changes in the KFN/parabrachial complex including KFN has been noted in patients with certain forms of dementia such as Alzheimer disease (Parvizi et al. 1998) .
The profound multi-functional significance of the KFN is consistent with its extensive afferent and efferent connections with many respiratory-related structures in the brainstem and spinal cord [reviewed in (Ezure 2004; Song and Poon 2004) ], and nonrespiratory midbrain and forebrain structures such as periaqueductal gray, central amygdale nucleus, and lateral hypothalamus (Fulwiler and Saper 1984; Saper and Loewy 1980) . In the present report, we will focus on the KFN's efferent descending projections to brainstem respiratory-and nonrespiratory-related structures. The efferent projections from KFN to brainstem have been extensively studied using both anterograde and retrograde tracing methods. Early anterograde tracing studies (Fulwiler and Saper 1984; Gerrits and Holstege 1996; Herbert et al. 1990; Holstege 1988; Holstege and Kuypers 1977; Krukoff et al. 1993; Saper and Loewy 1980; Yokota et al. 2004 ) established the macropathways. However, since the medullary neurons targeted by the KFN were unidentified, whether those pathways actually terminated at hypoxia-activated or nonactivated structures has remained unclear. Moreover, it is not certain whether those KFN efferent targets were innervated by distinct types of KFN neurons each with single-axonal trajectory (one-to-one axonal fan-out) or the same type of KFN neurons each with multiple collateral trajectories (one-to-many axonal fanout). This is an important question because a one-to-one relationship would imply a segregation of KFN neuronal functions as suggested by previous studies using antidromic activation of dorsolateral pontine neurons (Ezure and Tanaka 2006) , whereas a one-to-many relationship would imply that some KFN neurons may influence multiple physiological functions all at once. In studies that employed retrograde tracing (Ellenberger and Feldman 1990; Gang et al. 1995; Kalia 1981 ; Nunez-Abades et al. 1 As a historical note, the ''Kölliker-Fuse nucleus'' as originally described by Kölliker and Fuse (Fuse 1913; Kölliker 1896) in humans and a variety of animal species was subsequently found to actually represent the pedunculopontine tegmental nucleus (Rye et al. 1987) . The name ''Kölliker-Fuse nucleus'' was erroneously given to the dorsolateral pontine structure that bears this name today by Berman in his cat atlas (Berman 1968) . Notwithstanding, this mistake has been perpetuated and the ''Kölliker-Fuse nucleus'' (KFN) in a similar atlas for rat (Paxinos et al. 1999; Paxinos and Watson 1986 ) is used here to describe the cell group we are studying. 1993; Smith et al. 1989; Zheng et al. 1998) , distinct brainstem and spinal cord respiratory-related structures were selectively mapped for their afferent connections one at a time; however, whether the same retrogradely labeled neurons in KFN also projected to other respiratory-or nonrespiratory-related structures could not be revealed. Although this problem may be alleviated to some extent by multiple retrograde labeling, current technology is limited to retrograde tracing from no more than three concurrent efferent targets.
Here, we combine anterograde tracing with posthypoxia c-Fos immunohistology to examine the terminations of labeled KFN axons among hypoxia-activated and nonactivated structures in rat brainstem and spinal cord. By applying very small amounts of tracer into KFN using iontophoretic injection, and by introducing a set of stringent inclusion/exclusion criteria to align visualized axons across multiple coronal brain sections, we were able to trace the descending projection of individual axons and axonal branches unequivocally for a long rostrocaudal distance to their terminations in the brainstem and spinal cord. Our results reveal a one-to-many axonal fan-out from KFN neurons to multiple hypoxia-activated and nonactivated pontomedullary and spinal structures, including some novel pathways that have not been reported previously.
Materials and methods

Animal preparation
Experiments were conducted on 24 adult male SpragueDawley rats (Charles River Laboratory, Wilmington, MA) weighing 290-310 g. All experimental protocols had been reviewed and approved by the MIT Committee on Animal Care in accordance with published guidelines.
After injection with atropine sulfate (0.025 mg, s.c.) to reduce tracheal secretions, Buprenex (0.03 mg/kg, s.c.) for analgesia, the rat was anesthetized with pentobarbital at an initial dosage of 50 mg/kg (i.p.). Surgical anesthesia was affirmed if a pinch with a clamp at the hind paw caused no withdrawal response. Throughout the experiment, the level of anesthesia was assessed every 15 min and a supplemental dose of pentobarbital (1/10 of initial dosage, i.p.) was given when withdrawal response reappeared. Body temperature was kept at 37 ± 0.5°C with a temperature controller (CWE, TC-831, Ardmore, PA).
The animal's head was then fixed in a stereotaxic frame (KOPF 1430, David Kopf Instrument, Tujunga, CA) using ear bars but without breaking the animal's ear drums. Bregma was raised 1.5 mm higher than Lambda, leaving the dorsolateral pons readily accessible from a vertical dorsal approach. All surgical procedures were performed under sterile conditions. A small area of the dorsal scull around Lambda was exposed by cutting the skin and removing overlying tissues. A small hole was drilled on the scull at interaural level on the right side at 2.4 mm lateral to the midline sagittal seam. The brain surface was exposed by making a small ''9'' cutting on the dura.
Microinjection
Glass micropipettes were fabricated from borosillica pipettes (O.D. 1.0 mm, I.D. 0.5 mm) on a Sutter P-87 puller (Sutter Instrument, Novato, CA). The micropipette tip was pulled to an O.D. of 20-30 lm. Biotin dextran (BDA, M.W. 10,000) was purchased from Invitrogen-Molecular Probe (Carlsbad, CA) and dissolved in artificial cerebrospinal fluid or 0.5 M NaCl to make a 10% solution. The micropipette was back-filled with the BDA solution and inserted with a silver wire that was connected to an electrical stimulator (Master-8, A.M.P.I., Jerusalem, Israel) through an isolator (ISO-Flex, A.M.P.I.), which was used to supply stimulation or iontophoretic currents. The micropipette was inserted stereotaxically into the KFN in the dorsolateral pons [coordinates: 2.45-2.55 mm lateral from the midline, between -0.2 mm (caudal) and ?0.2 mm (rostral) to Lambda, and at a depth of 8-8.5 mm from Lambda surface] (Paxinos et al. 1999; Paxinos and Watson 1986) . Electrical stimulation (80 Hz, pulse duration 0.1 ms) was delivered through the micropipette to search for an optimal tip position where inhibitory respiratory responses such as bradypnea or apnea could be induced with the lowest stimulation intensity possible (typically 15-30 lA). After such low-threshold loci were identified, microinjections were made iontophoretically or by applying pressure pulses to the micropipette. For iontophoretic injection, positive square-wave current pulses (5 s-on, 5 s-off; intensity 3-5 lA) were applied for 20-30 min. For pressure injection, the micropipette was connected to a pressure microinjector (BH-2, Harvard Apparatus, Holliston, MA) and pressure pulses (5-10 Psig, duration 0.1 s) were applied repeatedly to obtain an injection volume of 20-50 nl, as calculated according to the displacement of the meniscus viewed under a stereoscope. Only one injection was made unilaterally in each animal.
In three control animals the injections (pressure injections) were deliberately made outside of KFN, at lateral parabrachial nucleus (LPBN) [coordinates: 2.4 mm lateral from the midline, 0 mm to Lambda, and at a depth of 7 mm from Lambda surface], a site *1.0 mm medial to KFN, or trigeminal motor nucleus [coordinates: 2.0 mm lateral from the midline, 0.5 mm caudal to Lambda, and at a depth of 8.5 mm from Lambda surface].
After the injection, the micropipette was left at the injection site for at least 10 min before being withdrawn Brain Struct Funct (2012) 217:835-858 837 slowly. Then the dura was moved back to cover the brain surface and the hole on the skull was sealed with bone wax. The wound was subsequently cleaned and sutured. Another dose of Buprenex (0.03 mg/kg, s.c.) was given at 8 h from the initial dosage and t.i.d. for 2-3 postsurgery days until the animal showed no signs of pain. A dose of Meloxicam (1 mg/kg, s.c.) was given at the end of surgery and another on day-1 postsurgery. Ringer's solution (10-20 ml) was given subcutaneously if the rat showed signs of dehydration.
Hypoxia challenge
After a survival period of 10 days, some experimental animals with BDA pressure injections at KFN were challenged with hypoxia to induce c-Fos expression in brainstem neurons, as described previously (Song et al. 2011b) . Before the hypoxia challenge, rats were accustomed to handling with daily mock experiments for 3-5 days. For hypoxia challenge, the rat was put into a 7.8-l airtight chamber that was continuously ventilated with humidified 8% O 2 (balance N 2 ) at a flow rate of 4-5 l/min. The animal was kept in the chamber for 30 min and then moved back to its daily cage. Rats were kept under room temperature (25°C) throughout the hypoxia challenge and the 2-h posthypoxia period. Rats remained alert and responsive, and no abnormal behavior (such as shivering) was observed. Blood pressure was not monitored, but another study of this laboratory revealed a moderate decrease of about 28 mmHg at the end of 1 h of hypoxia at 8% (Song et al. 2011b ).
Immunohistology
Two hours after the hypoxia challenge, the rats were deeply anesthetized with urethane (2.0 g/kg, i.p.) and transcardially perfused with 300 ml of heparinized PBS (0.05 M phosphate buffer saline, pH 7.4) followed by 300 ml of 4°C 4% paraformaldehyde (dissolved in PBS). Rats that were not exposed to hypoxia were also anesthetized and perfused 10 days postsurgery in a similar fashion for histochemical analysis. The brainstems and the C5 segment of cervical spinal cord (where the phrenic motor neurons are located) were immediately removed and postfixed in 4% paraformaldehyde overnight and subsequently cut into sequential coronal sections at 40 or 50 lm thickness on a vibratome or freezing microtome. Brainstem and spinal cord sections from all hypoxia-challenged animals and some of the nonchallenged animals were processed for c-Fos immunohistology. Sections were incubated in PBS-T (PBS containing 0.3% Triton X-100) that contained 0.3% H 2 O 2 for 1 h to quench the background peroxidase activity, rinsed, and incubated in rabbit anti-c-Fos polyclonal antibody ([K-25]:
sc-253, lot # B2208, Santa Cruz Biotechnology Inc., Santa Cruz, CA) at 1:4,000 dilution for 24-48 h at 4°C. According to Santa Cruz Biotechnology Inc., this anti-c-Fos antibody was raised against a peptide (amino acids 115-165) mapping within an internal region of c-Fos of human origin, immunoaffinity purified, and fully characterized using Western blot analysis. For sham control, some sections (1 from every 4 sections) were incubated in a solution that did not contain primary antibodies. All sections were rinsed and then incubated in biotinconjugated goat anti-rabbit IgG for 1-2 h and then in ABC reagent (standard ABC kit, Vector Laboratories Inc., Burlingame, CA, at 1:200 dilution for 1-2 h) and developed with standard DAB (DAB 0.05%, H 2 O 2 0.0015%, in PBS) method.
Axonal tracing
For systemic tracing of individual axons and axonal branches, brains of some animals with iontophoretic BDA injections were cut into sequential sections at 80 or 100 lm thickness and were processed with ABC-DAB method for visualizing anterograde labeling. To trace stem axons or branches over relatively short distances (1-3 consecutive sections), the selected axon was identified and reconstructed in each section with camera lucida drawings under a 209 or 409 objective. Reconstruction of any selected axon or axonal branch across different sections was performed only if its identity in each section was unambiguous based on its size, location, and direction of projection.
For long distance tracing of individual stem axon, only large isolated stem axons (i.e., without any surrounding axons of comparable size) were selected. In addition, since the descending pathway, once into ventrolateral pons, projected mainly in a rostrocaudal direction perpendicular to the coronal plane, a given stem axon should appear in each coronal section at a locus contiguous to that in the preceding section. If the locus of the selected stem axon shifted significantly in any section or encroached into regions where other axons of comparable size emerged in its vicinity, the tracing was discontinued. These stringent inclusion/exclusion criteria (which take advantage of the peculiar rostrocaudal trajectories of descending KFN axons) ensured the unequivocal identification of the selected stem axon over a large number (20-60) of consecutive 80 or 100 lm Nissl-stained coronal sections. In each section, if an axonal branch arising from the stem axon was identified under a 1009 oil objective, the axonal branch and its terminal bifurcations within that section were drawn under the oil objective or a 409 objective. With few exceptions, axonal branches were traced only within the same section they arose; reconstruction across multiple (\3) sections was performed only when the same branch could be unambiguously identified in each section based on the above criteria.
Drawings of all reconstructed axons or axonal branches were scanned into TIF images at a resolution of 600 dpi. Photomicrographs of selected areas were taken with a Sony (Tokyo, Japan) DFW-SX900 CCD digital camera. Scanned images and photomicrographs were inputted into a computer and edited with Photoshop CS2 (Adobe Systems Incorporated, San Jose, CA) to achieve uniform brightness and contrast in group photos or montage photos.
Results
Injection sites
The centers of injections were confirmed to be within the boundaries of KFN in 18 rats. In these animals, electrical stimulation with very low intensity (typically 15-30 lA) at the microinjection loci evoked strong inspiratory inhibition. Iontophoretic injections were performed in seven animals, in which the diffusion of BDA (as visualized by the DAB reaction products) was quite limited and confined mainly within the boundaries of KFN. In the remaining 11 animals pressure injections were performed and the BDA infiltrated the entire KFN in mediolateral dimension, and sometimes diffused slightly into adjacent medial parabrachial nucleus. Slight diffusion along the pipette tract to the external-lateral subnucleus of LPBN was also observed. Photos of the iontophoretic and pressure injection sites in two representative animals are shown in Fig. 1 . Despite the differences in injection volumes, methods of injection and extents of BDA infiltration, similar projection and innervation patterns of the labeled axons were observed in all these 18 animals.
In three other animals, injections were made at loci where inspiratory inhibition was evoked with relatively larger stimulation intensity (50-70 lA). The centers of injections in these animals were not within the boundaries of the KFN but at the margins or beyond; the KFN was only partially infiltrated by the injection. In these three animals, anterogradely labeled axonal terminals were also observed in pontomedullary respiratory-related structures, but much fewer than when the injections were right at the KFN with comparable injection size. Therefore, the localization of respiratory-related loci with low stimulation threshold was a useful guide for successful microinjection within the KFN. To avoid ambiguity, these three animals were not included in the present report.
In another three control animals in which injections were deliberately made outside the KFN, the injection sites were confirmed to be at the central subnucleus of LPBN (No. 1) [which also modulates the hypoxic and hypercapnic respiratory responses (Song and Poon 2009a, b) ], a site medial to KFN (No. 2), or trigeminal motor nucleus (No. 3). In No. 1 and 2, labeled axons projected mainly rostrally toward forebrain, although some terminals were also observed in pontomedullary respiratory-related structures. In No. 3, labeled axons were observed to project ventrolaterally to join the motor root of trigeminal nerve. These control data showed that injections outside the KFN led to very different axonal projection patterns than those being reported here. For brevity, data from these control animals are not described further in this report.
Single KFN axon innervates multiple pontomedullary structures
One of the most striking findings of this study was that some descending axons from KFN sent out discrete branches to innervate multiple structures at different levels of the brainstem all at once (see ''Appendix'' for a critique of the methodologies). Frequently, stem axons were seen to send out branches or collaterals along their way to innervate neighboring structures in ventrolateral pons and medulla while continuing to project caudally therefrom (Fig. 2a, b) . These stem axons, once into ventrolateral medulla, bifurcated repeatedly to innervate multiple segments of the ventrolateral medulla in close proximity to ambiguus nucleus. Some axons were seen to turn dorsomedially passing by the ambiguus nucleus to innervate the solitary tract nucleus (NTS), even crossing the midline into the NTS of contralateral side as well (Fig. 2c, d ).
Tracing of individual axon over multiple coronal sections (15-60 sections) was successfully performed on a total of 10 axons (1-2 axons in each animal that received iontophoretic injection). All of them were relatively large-sized and well separated from neighboring axons. The stem part of these ten axons, once into ventrolateral pons, projected caudally toward medulla perpendicular to the coronal sections and none of them was seen to turn dramatically to other directions. Branches or collaterals arising from these stem axons projected mainly in coronal planes; hence they could be traced for up to 500 lm in 100-lm coronal sections. Although the stringent standards that we used in tracing stem axons ensured unequivocal identification of the same stem axon over many coronal sections, the tracings and reconstructions of axonal branches over two or more consecutive sections were often complicated by the presence of branches from other axons. As a result, axonal branches were only traced within a single section unless they could be clearly identified across sections. Figures 3-5 show the tracings of four representative axons and their branches.
Axon 1 (Fig. 3 ) was first identified from caudal pons where it became relatively separated from other axons.
As can be seen in Fig. 3a 0 , the stem axon under tracing (black arrow) was well separated from other stem axons. This axon was identified in every section at roughly the same locus as in the preceding section until caudal medulla. A total of seven branches were observed to arise from this axon. They were traced for distances from *50 to 400 lm within corresponding single 100-lm sections. The first branch innervated caudal facial nucleus and its medial neighboring area (Fig. 3b) . The other six branches innervated neighboring areas of ambiguus nucleus at various levels ( Fig. 3c-h) .
Axons 2 and 3 (Fig. 4 ), which were observed from different animals, had similar projection and innervation patterns. Both of them were first identified in dorsolateral pons and followed into ventrolateral pons. From here they were identified at roughly the same loci in all consecutive sections. No axon of similar size was observed in their neighborhoods in all sections. Branches or collaterals arising from these axons were observed to innervate the lateral facial nucleus that controls the perioral muscles and vibrissae muscles (Fig. 4 Axon 2 at level -2.3, and Axon 3 at level -2.5), trigeminal sensory nucleus (Fig. 4 Axon 2 at levels -2.5 and -2.9, and Axon 3 at level -2.4), areas neighboring rostral compact ambiguus nucleus (rcAMB) (Fig. 4 Axon 2 at level -2.7 and Axon 3 at level -2.9), and caudal ambiguus nucleus (cAMB, or lateral AMB in Fig. 1 The BDA injection sites in two animals. a iontophoretic injection; b pressure injection Paxinos et al. 1999 ) itself (Fig. 4 Axon 2 at levels -4.0 and -4.9, and Axon 3 at level -4.9).
Axon 4 (Fig. 5 ) was first identified from caudal pons where it became relatively separated from other axons. It was identified in every section at roughly the same locus as in the preceding section until the level of rcAMB. The tracing was discontinued because the axon disappeared in subsequent sections because of the fading of the labeling. Three branches were observed to arise from this axon. They were traced for various distances from *100 to *500 lm within corresponding single 100-lm sections. All of them projected toward the trigeminal sensory nucleus.
Besides the above described four axons that were traced for relatively long distances, another six large-diameter axons were traced for shorter distances but at least one branch was identified to arise from each stem axon to innervate neighboring areas, while the stem axons themselves continued to project caudally. Four such stem axons were found to reach spinal cord C1 segment, from which further tracing was not performed (Table 1) .
None of the small to medium-sized axons (0.6-0.8 lm diameter) that comprised 2/3 of all the labeled descending axons was traced unequivocally for sufficient distance. Nevertheless, branches and collaterals were observed to arise from such stem axons (see below).
KFN axonal projections to hypoxia-activated/ nonactivated pontomedullary structures
It is well known that many CNS neurons express c-Fos upon strong excitation (Bullitt 1990; Sagar et al. 1988 ). The expression of proto-oncogen c-fos reaches peak level at 1 h postexcitation and declines back to baseline after 3 h, while the c-Fos protein remains in the neurons for much longer time (Morgan et al. 1987 ). This phenomenon has been employed extensively for morphological visualization of neuronal excitation. As reported in early studies (Berquin et al. 2000; Bodineau and Larnicol 2001; Erickson and Millhorn 1994; Gozal et al. 1999; Hirooka et al. 1997; Song et al. 2011b; Teppema et al. 1997) , hypoxia challenge or activation of carotid sinus nerve evoked Note that this axon also sends out a few branches to innervate the NRA and its neighboring ventral area. In all the camera lucida drawings, the axonal branches and terminals in the square areas were traced within a single section (thus not all terminals are shown in the drawings). The stem axons in c and d projected in coronal plane and could be traced for most parts of their trajectories. Missing segments were found in neighboring sections and reconstructed into the drawings. The stem axons in a and b (arrow heads) projected rostrocaudally and could not be identified unequivocally after several consecutive sections Brain Struct Funct (2012) 217:835-858 841 significant neuronal expression of c-Fos protein in various brainstem respiratory-related structures such as ventrolateral medullary areas where ventral respiratory neuronal column (VRC) is located (i.e., areas ventral to rcAMBsubcAMB-cAMB), medial and commissural NTS, dorsolateral pontine pneumotaxic center (LPBN and KFN) and ventrolateral pontine areas. In the present study, we used this method to mark hypoxia-activated brainstem neurons that were juxtaposed to terminations of descending KFN axonal projections. Table 2 summarizes the extents of labeled KFN axonal terminals and posthypoxia c-Fos positive neurons and of their overlapping in various respiratory-related pontomedullary structures.
Pons
Overlapping of labeled axonal terminals with c-Fos positive neurons was observed in the rostral part of KFN of contralateral side (Fig. 6a, b) , the external-lateral subnucleus of LPBN of ipsilateral side, and the ventrolateral pons of both sides (Fig. 6d , showing contralateral side only). The caudal part of the contralateral KFN contained labeled terminals but only a few c-Fos positive neurons (Fig. 6c) . The contralateral LPBN contained the highest density of c-Fos positive neurons but only a few labeled terminals in its external-lateral subnucleus. A small but densely packed group of c-Fos positive neurons was observed in the locus coeruleus; however, few labeled terminals were seen in this structure.
Ventrolateral medulla
The ventrolateral medulla is the major target of KFN descending pathways. In general, the ventrolateral medullary regions that were innervated by labeled terminals constituted a continuous and rostrocaudally extending Fig. 3 Long distance tracing of a stem axon (axon 1) and its branches. This axon was traced from the level of rostral facial nucleus to caudal medulla. At all levels, no stem axon of similar size was observed within 150 lm from this stem axon. Branches were observed to innervate parafacial area (b) and areas neighboring ambiguus nucleus (c-h). All bifurcations were confirmed to arise from the same stem axon under 9100 oil immersion objective and traced within corresponding single 100-lm section column (''column of innervations'') starting from the facial nucleus and extending all the way to the level of pyramidal decussation at the medullary-spinal junction, with the density of innervation exhibiting gradual decrease while going caudally. Functionally, this ''column of innervations'' corresponds to the VRC, which comprises the parafacial/ RTN respiratory group, Bötzinger complex, pre-Bötzinger complex, and the classical VRG in association with the ambiguus nucleus. The most rostral part of this columnretrotrapezoid nucleus (RTN) located in the narrow region between the ventral margin of facial motor nucleus and ventral medullary surface. This region was richly innervated by labeled terminals (Fig. 6e ) but contained only a few c-Fos immunopositive neurons. Labeled axons or branches were observed to leave the descending pathway (traveling in the region lateral to facial motor nucleus) and extend medially to enter this region. Some axonal branches entered this region from its dorsal aspect after leaving the medial facial subnucleus. Once into this region, labeled axons or axonal branches were seen to bifurcate to generate terminals rich in synaptic buttons. In addition, areas surrounding the caudal part of facial nucleus, especially the region between the caudal end of facial nucleus and the rcAMB [which corresponds to part of the parafacial respiratory group as defined by Onimaru et al. (1987 Onimaru et al. ( , 2006 Onimaru and Homma 2003) ] were richly innervated by labeled terminals. However, since no effort was made to label the neurons of RTN/parafacial respiratory group, whether those labeled axonal branches and terminals actually made synaptic connections with RTN/parafacial respiratory neurons could not be confirmed. Innervations of the contralateral RTN and parafacial areas were very weak or not observed at all. Moving to rostral medulla, the rcAMB and subcAMB themselves were not (or only weakly) innerved by labeled terminals. No c-Fos positive neuron was observed in these two subnuclei. In contrast, the region that is immediately ventral to rcAMB-subcAMB contained a high density of labeled terminals with rich varicosities or synaptic buttons and moderate density of c-Fos positive neurons (Fig. 6f) . This region corresponds to the Bötzinger/pre-Bötzinger complexes. Medial to this region, the lateral paragigantocellular nucleus contained many c-Fos positive neurons and a few labeled terminals.
Moving caudally, the trajectory continued into the cAMB and its surrounding areas without interruption. Here the cAMB itself was moderately innervated by labeled terminals and contained a few c-Fos positive neurons. At the levels around the obex, both labeled terminals and c-Fos positive neurons were observed in the area of cAMB and in its surrounding areas (Fig. 6g) . At levels caudal to the obex, terminals were still observed in and around the NRA, but the density decreased significantly. A few terminals were observed even at the level of pyramidal decussation in the area corresponding to NRA.
Anterogradely labeled axonal terminals were observed in areas corresponding to the C1 and A1 catecholaminergic neuronal groups (Paxinos et al. 1999 ), but much less dense. c-Fos immunopositive neurons were also observed in these areas.
Solitary tract nucleus
Rich innervations by labeled terminals were observed at levels around the obex. Labeled axons were found to leave Fig. 5 Tracing of a stem axon (axon 4) and its branches. This axon was traced from the level of rostral facial nucleus to the level of rcAMB. In every brain section until the level of rcAMB the same stem axon was identified unequivocally with no other stem axon of similar size within 150 lm from this stem axon. All the three bifurcations shown in this figure were confirmed to arise from the same stem axon under 9100 oil immersion objective and traced within corresponding single 100-lm section the descending pathway and project dorsomedially to the NTS. Once into NTS, those axons bifurcated repeatedly to generate large number of terminal branches innervating the ventrolateral, medial, and commissural subnuclei. Axonal branches were also found to extend medially crossing the midline into the contralateral medial subnucleus, where they bifurcated repeatedly into many terminals. In addition, the contralateral NTS was also innervated by axons that crossed to the other side of the pons before descending.
A high density of c-Fos positive neurons overlapping with labeled terminals was observed in the medial subnucleus. Overlapping was also found in the commissural and ventrolateral subnuclei, although less numbers of c-Fos positive neurons were observed here (Fig. 6h-k) .
Trigeminal sensory nucleus
At all levels from pons to caudal medulla, the trigeminal sensory nucleus was mainly innervated by axonal branches arising from the descending stem axons. Sporadic c-Fos positive neurons were observed in this structure and overlapping with labeled terminals was insignificant.
Raphe nuclei
In contrary to previous studies in cats that showed intense KFN projections to medullary raphe nucleus (Gang et al. 1991; Holstege 1988) , we observed that the innervations of medullary raphe were weak in general. While some labeled terminals were confirmed in the raphe magnus, few were observed in raphe pallidus and obscurus. A few c-Fos positive neurons were observed in raphe pallidus and obscurus, but rarely in raphe magnus. Overlapping with labeled terminals was insignificant.
KFN axonal projections to cranial and spinal motoneurons
Facial and hypoglossal motor nuclei
Innervation of facial nucleus was predominantly ipsilateral. In the rostral part of facial nucleus, labeled axonal terminals were observed in its lateral and ventral subnuclei (as well as in P7); only a few terminals were found in the medial subnucleus and none in the dorsal subnucleus. The caudal part of the facial motor nucleus and its immediate surrounding regions were heavily innervated. Large motor neurons were observed to be in close contact with BDA labeled terminals and buttons, indicating the synaptic connections between these labeled terminals and facial motoneurons. No c-Fos positive neuron was observed in the facial motor nucleus.
The dorsal and lateral parts of the ipsilateral hypoglossal nucleus were richly innervated by labeled axons coursing via the ventrolateral medullary pathway. Hypoglossal motoneurons were observed to be in close contact with the BDA labeled axonal terminals and buttons. The contralateral hypoglossal nucleus was only weakly innervated. No c-Fos positive neuron was observed in this nucleus.
Cervical spinal cord C5 segments
In cervical spinal cord segment 5 (C5) from which the phrenic nerve arises, stem axons (medium size, diameter 0.6-0.7 lm) were mostly observed in the dorsal aspect of lateral funiculus. From here axons or branches turned medially to enter the gray matter of Rexed (Rexed 1954 ) laminae 5-7, then ventrally to enter the ventral horn, terminating in the phrenic nucleus in lamina 9 in proximity of (Fig. 7) . A few stem axons were observed in the ventral funiculus. From there axons or branches turned dorsally to enter the ventral horn directly, terminating in lamina 9 in proximity of motor neurons. Innervation of C5 was bilateral with ipsilateral dominance. Axons were also observed to cross to the other side through anterior commissura. Few or no c-Fos positive neurons were observed in C5. Innervation of dorsal horn laminae 1-2 at the C5 level was rare, but a few terminals were observed in laminae 3-4. A few labeled terminals were also observed in the intermediate zone (laminae 5-7) and lamina 10.
Discussion
The present results reveal descending projections from KFN to brainstem structures known to participate in respiratory rhythm generation (parafacial region and areas ventral to rcAMB-subcAMB), respiratory chemoreflex (vl-pons, medial and commissural NTS, RTN), control of inspiratory motor output and upper airways patency (facial motor nucleus, hypoglossal nucleus, ventrolateral NTS, cAMB and its surrounding regions), control of expiratory motor output (NRA), and cardiovascular regulation (e.g., KFN, vl-pons, medial/commissural NTS). Some (but not all) of these structures were also activated by hypoxia, indicating their possible involvements in the hypoxic chemoreflex. Most strikingly, a single descending axon from KFN could send out branches to innervate multiple pontomedullary structures all at once. This ''one-to-many'' collateralization property of KFN stands in contrast to those of other brainstem structures, some of which (such as the NTS) may also send neuronal projections to multiple structural targets but often only one at a time (Hermes et al. 2006) . These findings (summarized in Fig. 8) shed new light on the multi-functional role of KFN neurons in modulating respiratory and other physiological functions.
''One-to-many'' collateralization of KFN neurons: role in synchronizing respiratory activities Besides respiratory pump muscles (diaphragm and intercostals), respiratory-related activities are also manifested in multiple somatic, cranial and visceral motor nerves such as abdominal, facial, hypoglossal, vagal and recurrent laryngeal, etc. The respiratory activities of all these motor neurons (and muscles) must be synchronized to the same biphasic respiratory rhythm. In addition, these motor neurons (and muscles) are also involved in nonrespiratory somatic movements and must be coordinated with respiratory movements. We observed that KFN neurons projected extensively to these motor neurons and some KFN axons even innervated multiple structures all at once through ''one-to-many'' collateralization, i.e., they sent out branches to innervate multiple brainstem structures along their pathway in ventrolateral medulla.
As suggested in previous studies, dorsolateral pontine respiratory neurons may play an important role in integrating afferents from pulmonary mechanoreceptors, peripheral/central chemoreceptors, and trigeminal sensory and somatic proprioceptive afferents (Ezure 2004; Song and Poon 2004; Song et al. 2011b; Song et al. 2006 ). The divergent fan-out of the KFN efferent projections to multiple pontomedullary respiratory-related structures provides a possible mechanism to ensure that the entire respiratory motonetwork be synchronized. A good example is the early-expiratory (postinspiratory) neurons in the dorsolateral pons (Ezure and Tanaka 2006; Poon and Song 2004; Song et al. 2006) , which have been shown to exhibit fast activation-adaptation response to pulmonary mechanoafferents and respiratory phase-gated excitation response to hypoxia (Poon and Song 2004) . The present findings support the hypothesis that postinspiratory neurons in the KFN may be involved in synchronizing the termination of inspiration or promoting the inspiratory-to-expiratory offswitch in all inspiratory-related premotor/motor neurons and pre-Bötzinger inspiratory pacemaker neurons (Wittmeier et al. 2008) .
Interestingly, KFN axons that exhibited ''one-to-many'' collateralization property had large stem diameters (1.0-1.8 lm) thus high conduction velocities. This anatomical feature enabled them to transmit pontine pneumotaxic information to brainstem and spinal cord with the shortest possible delays (see ''Appendix'' for a critique of the microinjection and axonal tracing techniques). This is necessary since certain respiratory activities such as inspiratory off-switching is finished within tens of milliseconds.
The ''one-to-many'' innervation pattern appears to be unique to axonal projections to the ventrolateral respiratory column -no axon was observed to send out branches to innervate both ventrolateral medulla and NTS (dorsomedial medulla). In a previous study (Chamberlin and Saper 1994) , double-labeled neurons were observed in dl-pons after two retrograde tracers were simultaneously injected into rostral and caudal ventrolateral medulla, but few after retrograde tracers injections into NTS and ventrolateral medulla. In the present study, all the ten axons that we traced did not send branches to NTS. Presumably, the KFN projections to NTS or ventrolateral medulla are of different functional modalities, hence few cross-innervations existed. For example, KFN projections to NTS may modulate peripheral chemoreflex, baroreflex or Hering-Breuer reflex, whereas projections to ventrolateral medulla may participate in the generation and shaping of respiratory pattern and the synchronization of respiratory motor activities.
In particular, laryngeal constrictor motoneurons exhibit postinspiratory (or early-expiratory) activity and are located in caudal AMB, while the laryngeal dilator motoneurons exhibit inspiratory activity and are located in rostral ambiguus (rcAMB and subcAMB) (Davis and Nail 1984; Hinrichsen and Ryan 1981; Shiba et al. 2007; Sun et al. 2008) . We found that the rcAMB-subcAMB was rarely innervated (if at all) by axonal projections from KFN, whereas the caudal AMB was well innervated. These findings afford anatomical evidence in support of recent report that the KFN facilitated laryngeal postinspiratory muscle contraction, providing a braking effect for earlyexpiratory airflow during breathing (Dutschmann and Herbert 2006) . The NRA contains premotor neurons that control the thoracic and abdominal expiratory muscles. Subramanian and Holstege (2009) reported that chemical stimulations delivered to different subdivisions of this structure activated different expiratory muscles without causing any changes in inspiratory activity. The present and previous studies (Gerrits and Holstege 1996) revealed rich innervations of NRA from KFN and lateral parabrachial nucleus, indicating a possible role for KFN and lateral parabrachial nucleus in modulating active expiration (e.g., during heavy exercise, hypoxia, hypercapnia, vocalization, etc.) and reflexes (e.g., vomiting, coughing, sneezing, swallowing, etc.) that recruit expiratory muscles such as external intercostals and abdominal muscles.
Similarly, upper airways resistance is controlled by motor neurons in hypoglossal motor nucleus, facial motor nucleus and ambiguus nucleus, all of which exhibit respiratory-related activities. For example, pre-inspiratory/ inspiratory activities of the hypoglossal nerve cause the tongue to move forward, enlarging the pharyngeal diameter to facilitate airflow during inspiration (Ryan and Bradley 2005) , whereas respiratory-related activities of the facial nerve cause the dilation of nasal airway (Hwang et al. 1988; Strohl 1985) . The heavy innervations of the hypoglossal motor nucleus and facial motor nucleus by axonal projections from KFN indicated that the KFN may participate in the control of upper airways resistance via the hypoglossal and facial nerves. This hypothesis is supported by previous findings that the hypoglossal motor nucleus received axonal projections from pontine inspiratory and expiratory-inspiratory neurons (Ezure and Tanaka 2006) , and that hypoglossal nerve discharge was depressed and its pre-inspiratory component was eliminated following removal of the rostral pons (Smith et al. 2007 ). Since hypoglossal pre-inspiratory/inspiratory activity is critical in maintaining pharyngeal airway patency especially during sleep, malfunctioning of the KFN neurons could increase the risk of obstructive sleep apnea ) and may potentially disrupt a variety of oropharyngeal functions such as during vocalization, coughing/ sneezing, swallowing, mastication and suckling (Gestreau et al. 2005) . In addition, the facial motor nucleus (its lateral subnucleus) controls the movements of vibrissae in rats. When the rats were sniffing around to explore their environment, the whisking movements of vibrissae were synchronized with respiration (Welker 1964) . The KFN innervations of lateral facial nucleus might play a role in this synchronization.
Role of KFN in respiratory pattern generation
The basic respiratory rhythm is thought to be generated through interactions between two groups of pacemaker-like neurons that set the inspiratory and expiratory rhythm (Wittmeier et al. 2008 ). The inspiratory pacemaker-like neurons are localized in the pre-Bötzinger complex (Smith et al. 1991) . The anatomical loci of the expiratory pacemaker neurons are not very well defined but were recorded in areas surrounding the facial motor nucleus (RTN and other areas ventrolateral to facial motor nucleus) and have been collectively referred to as the parafacial respiratory group (Onimaru et al. 1987; Onimaru and Homma 2003) . An intermediate phase of the respiratory rhythm, the postinspiratory phase, is thought to be gated by the KFN (Dutschmann and Herbert 2006; Stettner et al. 2007) and is mediated by neurons in the Bötzinger complex (Burke et al. 2010) . In the present study we observed rich KFN axonal innervations in areas corresponding to the preBötzinger complex, Bötzinger complex and parafacial respiratory group and RTN; similar innervations of the RTN have also been reported by Rosin et al. (2006) in rats and Li and Song (2001) in rabbits. These findings provide anatomical support for the notion that pontine neurons play an important role in the generation and shaping of the three-phase respiratory pattern (Chamberlin 2004; Cohen and Shaw 2004; Dutschmann and Herbert 2006; Smith et al. 2007; Song and Poon 2004; Song et al. 2010) .
Interaction of KFN with other pontine respiratory-related nuclei
The existence of local respiratory neuronal circuits within the pons has long been suggested. For example, multielectrode array recordings have revealed excitatory connections between respiratory modulated neurons in dorsolateral pons . Such functional local connections are supported by the present anatomical finding of axonal branches and terminals rich in synaptic buttons in ipsilateral medial parabrachial nucleus and external-lateral subnucleus of LPBN. In addition, the present study revealed innervations of the contralateral KFN, indicating interactions between bilateral KFN neurons. Our data show that descending axons from KFN passed through intertrigeminal nucleus and ventrolateral pons en route to the medulla. Both these structures have been established as accessory pneumotaxic structures (Chamberlin and Saper 1994; Jodkowski et al. 1994 Jodkowski et al. , 1997 . We found that many descending axons that arose from KFN sent out branches to innervate intertrigeminal nucleus and ventrolateral pons. This anatomic finding, together with the previous report that many ventrolateral pontine neurons were orthodromically or antidromically activated by electrical stimulations at the dorsolateral pons (Dawid Milner et al. 2003) , suggest direct connections between KFN and ventrolateral pons. Role of KFN in hypoxic respiratory and cardiovascular control
The present study revealed an identical distribution pattern of c-Fos immunopositive neurons in brainstem following hypoxia challenge as previous reports (Bodineau and Larnicol 2001; Erickson and Millhorn 1994; Song et al. 2011b; Teppema et al. 1997) . Axonal terminals that were anterogradely labeled from KFN were observed to overlap with c-Fos immunopositive neurons mainly in KFN, ventrolateral pons, ipsilateral NTS subnuclei (commissural, medial, ventrolateral) , and ventrolateral medullary areas immediately ventral to AMB. All these structures are established participants of the hypoxic respiratory reflex: the NTS subnuclei being the second-order relay station of peripheral chemoreceptors (Finley and Katz 1992) , areas ventral to rcAMB-subcAMB [the pre-Bötzinger complex (Smith et al. 1991) , which is considered to be chemosensitive itself (Solomon et al. 2000) ] being the locations of the putative inspiratory pacemakers, and the ventrolateral pons region mediating the hypoxic expiratory short-term depression or posthypoxia frequency decline (Coles and Dick 1996) . In addition, our recent study has demonstrated that the dorsolateral pons itself receives axonal projections from hypoxia-excited neurons in the NTS and ventrolateral medulla. Some of these structures such as the commissural/ medial NTS and ventrolateral/dorsolateral pons are also established participants of cardiovascular regulation (Guyenet 2006 ). The present findings provide direct anatomical support for previous reports that the pneumotaxic center modulates the hypoxic cardiorespiratory response (Mizusawa et al. 1995; Song et al. 2011b; St John 1975) .
In control (nonhypoxia-challenged) animals c-Fos immunopositive neurons were confined mainly in nonrespiratory-related structures and rarely in respiratory-related structures (except the LPBN). It should be pointed out that some respiratory neurons may not express c-Fos even under strong excitatory respiratory stress (e.g., no c-Fos immunopositive neurons were observed in structures where respiratory motor neurons clustered, such as hypoglossal nucleus, rcAMB-subcAMB itself, spinal cord C5 ventral horn). On the other hand, hypoxia may evoke c-Fos expressions in nonrespiratory neurons secondary to other resultant physiological effects such as hypothermia, hypotension, and CNS depression. However, activation of the peripheral chemo-and baroreceptor afferents by electrical stimulation of carotid sinus nerve in rats produced similar c-Fos expression in brainstem respiratory-related structures as hypoxia, presumably without other side effects of hypoxia (Erickson and Millhorn 1994) . Thus it is highly likely that the c-Fos expressions following hypoxia challenge were primarily due to the activation of central (Paxinos et al. 1999; Paxinos and Watson 1986) . The descending projection comprised three discrete pathways: the dominant ipsilateral ventrolateral pathway that contained fibers innervating ventrolateral medulla and fibers innervating dorsomedial medulla (pink) (NTS), the accessory rubrospinal pathway, and the contralateral pathway. The rubrospinal pathway cannot be distinguished from the ventrolateral pathway once into medulla in our sections. Structures innervated by these descending pathways include LPBN in dl-pons, ITN, vl-pons/A5, facial motor nucleus and parafacial regions including RTN, areas ventral to rcAMB-subcAMB, cAMB and NRA and their surrounding regions, hypoglossal nucleus, caudal NTS subnuclei (medial, commissural, ventrolateral) , and ventral horn of spinal cord C5-6 segments (not included in this figure) . The contralateral pathway innervates similar structures but much weaker. 12 hypoglossal nucleus, 5 trigeminal motor nucleus, 7 facial nucleus, 7n facial nerve, Acs7 accessory facial nucleus, A5 A5 group of catecholamine neurons, AMB ambiguus nucleus, LPBN lateral parabrachial nucleus, ITN intertrigeminal nucleus, KF Kölliker-Fuse nucleus, NTS solitary tract nucleus, Pr5VL ventrolateral principal sensory trigeminal nucleus, RTN retrotrapezoid nucleus, rs rubrospinal tract, scp superior cerebellum peduncle, vl-pons ventrolateral pons Brain Struct Funct (2012) 217:835-858 853 pathways mediating the peripheral cardiorespiratory chemoreflex and secondarily, baroreflex. Many c-Fos immunopositive neurons in NTS and VLM were catecholaminergic neurons (immunopositive to tyrosine hydroxylase). In one study in rats (Erickson and Millhorn 1994) it was reported that up to 68% of hypoxia/ CSN stimulation evoked c-Fos immunopositive neurons in NTS and 89% in VLM were catecholaminergic. In another study in rabbits, 27% of hypoxia-evoked c-Fos immunopositive neurons in NTS and about half in VLM were catecholaminergic , and approximately one quarter of those c-Fos positive neurons in caudal and intermediate VLM projected to rostral VLM pressor region ). In addition, the VLM catecholaminergic neurons were also induced to express c-Fos by hypotension (Li and Dampney 1994; Potts et al. 1997) . These previous findings indicated that some hypoxia-excited NTS and VLM neurons were involved in hypoxic cardiovascular reflex. In the present study we observed both anterogradely labeled axonal terminals and c-Fos immunopositive neurons in the VLM catecholaminergic area, although much less dense than that in areas corresponding to ventral respiratory column. Previous studies have shown that electrical or chemical stimulations at loci within the KFN elicited increases in arterial blood pressure in addition to inspiratory inhibition (Dawid Milner et al. 2003; Lara et al. 1994) . Indeed, many neurons in the dorsolateral pons including the KFN display modulations by both arterial pulse pressure and respiratory activity and such neurons could contribute to cardiorespiratory coupling (Dick et al. 2009 ). Therefore, inputs from the KFN to the VLM catecholaminergic neurons are likely to exert influences on cardiovascular functions.
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Appendix: Critique of methodologies
Microinjection
BDA is a proven sensitive and reliable anterograde tracer. With sufficient postinjection survival time (1-2 weeks), even very fine axonal terminals can be sufficiently filled for microscopic observation and long distance tracing. Retrograde labeling has also been reported but only after large injections. In the present study, labeled neurons were observed in areas surrounding the injection site (Fig. 1a) but rarely in other regions. However, BDA is not functionally specific and the KFN is functionally heterogeneous, i.e., besides the well-known pneumotaxic function, KFN is also known to participate in cardiovascular control, anti-nociception, and control of feeding and drinking.
To increase the likelihood of labeling neurons that were respiratory-related, we first mapped the KFN with electrical microstimulation for loci that produced respiratory inhibition with the lowest stimulation intensity. Although such electrical microstimulation could activate neurons far from the tip of the stimulating electrode as a result of direct axonal activation (Histed et al. 2009) , previous studies have shown that electrical or chemical microstimulation (with glutamate) of neurons in this structure cause similar profound changes in respiratory patterns (Chamberlin and Saper 1992; Cohen 1971; Dutschmann and Herbert 2006; Haji et al. 1998 ). Thus we believe that the electrical microstimulation-evoked respiratory inhibition in the present study was due to activation of KFN neurons in the vicinity of the electrode tip. Hence, BDA was injected only into such low-threshold regions. With this functionally guided method, we found that the centers of injections in all experimental animals were within the boundaries of KFN and the diffusion of the injectant into neighboring areas was quite limited in most cases. In contrast, failure to identify such low-threshold regions resulted in misplaced injections in three animals. Data from misplaced injections were not included in this report.
In light of the above precautions, we believe that the labeled axons were predominantly from respiratory-related KFN neurons because: (1) the KFN contains the highest density of respiratory-related neurons that send axons to ventrolateral pons and medulla (Ezure and Tanaka 2006; Song et al. 2006) ; (2) ascending projections from medullary respiratory-related structures predominantly terminate at this structure (Gaytan et al. 1997; Kalia 1977) ; (3) the highly selective termination of labeled terminals in wellestablished brainstem respiratory-related structures with c-Fos positive response to hypoxia as demonstrated in this study; (4) BDA injections at control sites neighboring the KFN resulted in very different projection/innervation patterns of the labeled axons. Although nonspecific labeling of axons of other functional modalities (e.g., cardiovascular) from KFN and a minority of axons from neighboring medial and lateral parabrachial nuclei or A7 region (especially for the A7 region) cannot be ruled out especially with pressure injection, useful information about the multi-functional role of the KFN can still be derived from this study.
Axonal tracing
Traditionally, retrograde tracing with a combination of fluorescent tracers of two or three different colors is commonly used to reveal the collateral innervations of a single neuron or axon. However, current fluorescent imaging techniques cannot differentiate the labeling of one neuron by more than three fluorescent tracers. As a result, no more than three innervations can be revealed at a time. In addition, this technique requires 2-3 microinjections at different brain structures, which is rather traumatic to the animal. Because of potential spread of the injectants into neighboring areas, distinct innervations of adjacent target structures cannot be reliably resolved by this method. When more than three structures or when two or more neighboring structures are innervated by branches from such an axon, single-axon anterograde tracing is the only currently available method to reveal these multiple innervations.
On the other hand, long distance anterograde tracing of individual axons over multiple brain sections is generally a challenging task because each section may contain many labeled axons that are difficult to align across consecutive sections. This difficulty has bedeviled early studies using pressure injection, each of which could potentially label hundreds of descending fibers even for a structure with sparse neuronal density such as KFN. To circumvent this difficult, such tracing was performed only in animals with iontophoretic injection in the present study. The number of descending axons labeled after iontophoretic injection varied greatly from five to over one hundred per animal depending on the duration and current intensity of the iontophoresis and the tip diameter of the micropipette. To avoid any ambiguity in the tracing, stem axons that were selected for long distance tracing and reported herein were all relatively large (1.0-2.3 lm diameter) and isolated, i.e., without any neighboring axons of comparable size in each and every section. Such large stem axons typically stood out readily among much smaller axonal branches and were readily identified in coronal sections since they traveled rostrocaudally throughout much of their trajectories from ventrolateral pons to caudal medulla and spinal cord. If the identified axon shifted significantly from its preceding coordinates on the coronal plane or if other axons of comparable size emerged in any section, the tracing was abandoned. These stringent inclusion/exclusion criteria ensured the unequivocal matching of the same stem axon over consecutive brain sections.
In contrast, thinner branches or collaterals arising from such stem axons in any section were typically traced only within the same section to avoid ambiguity; reconstruction of those branches from two or more consecutive sections was performed only when no neighboring fibers with similar diameter and direction of projection were observed in each section. For this reason, some branches could not be traced to their ultimate targets. Fortuitously, unlike the stem axons that projected lengthwise rostrocaudally, such branches or collaterals tended to be much shorter and confined to the coronal planes, with the extensions in sagittal planes rarely spanning beyond three consecutive sections.
With the above precautions, only 1-2 axons of relatively large diameters met our stringent inclusion/exclusion criteria and were traced for various distances in each animal (totally 10 axons in 7 animals). Many of the largediameter axons could not be traced for a long distance because they followed a more zigzag path that was not always perpendicular to the coronal plane, or simply because there were multiple large-diameter axons in their proximity that confounded the tracing. On the other hand, none of the medium-sized axons was successfully traced for sufficient distance. Nevertheless, branches and collaterals were still observed arising from such axons. In light of these observations, we believe the collateral innervations of multiple target structures might be common (if not universal) among descending axons of both medium and large diameters although many of them might not reach the caudal medulla.
